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Abstract. The thermomechanical properties of poly(lactide) (PLA) are strongly related to its 
semicrystalline microstructure and morphology. The thermal annealing is a strategy to improve 
the crystallinity of PLA. However, the different techniques and specimen types needed for each 
kind of characterization could lead to misleading conclusions. In this work, annealed samples of 
three PLA grades with different molecular weights have been studied by Differential Scanning 
Calorimetry (DSC), Wide Angle X-Ray Scattering (WAXS) and Polarized optical Microscopy 
(POM) and related to their thermomechanical and impact properties. Special focus has been put 
on POM results obtained by different approaches and the suitability of each of them in order to 
be related to the thermomechanical properties. By annealing medium molecular weight PLA 
specimens at 140 ºC an important increase of the Heat Distortion Temperature (HDT) value was 
obtained, which was not related to the obtained spherulite size but to the combination of high 
crystallinity degree together with high α/α’ crystal type ratio. However, impact properties of 
annealed PLA decreased with increasing the annealing temperature according to an increment of 
crystallinity and α/α’ crystal ratio. 




Biobased polymers have the great advantage of using renewable raw materials. Besides, some of 
them enable end-of-life waste management alternatives like composting or anaerobic digestion, 
hence reducing landfilling or toxic gas emissions (incineration). Some of these biobased polymers 
are already largely commercialized, such as poly(lactic acid) (PLA). This bioplastic is available 
in large volume (the worldwide production is around 200 kt/year) for various applications such 
as packaging, electronic housing, textile, automobile, insulation in building, or even biomedical1-
3.  
Due to the chiral nature of lactic acid (L and D) and the corresponding lactides, different PLA 
architectures can be obtained by ring opening polymerization. Crystallization kinetics, maximum 
degree of crystallization and melting temperature of PLA are strongly dependent on the L- to D-
lactic content ratio4-6. According to the L/D ratio, amorphous or semi-crystalline PLA can be 
synthesized and, consequently, strong variations on thermal, mechanical and barrier properties 
can be obtained7,8. On the other hand, molecular weight has also been shown to affect the 
crystallization behaviour of PLA9,10.  
The combination of different techniques such as DSC, WAXS and POM has been extensively 
used in order to obtain new insight on the semicrystalline structure of annealed PLA9-15. However, 
the need of different kind of samples for each technique could lead to unintentional mistakes and 
misleading conclusions.  
This work aims to understand the effect of the annealing process carried out at different conditions 
(starting temperature, annealing temperature and heating rate) on the micromorphology and 
crystalline structure of three different molecular weight PLA grades.  POM results obtained by 
different sample preparation and annealing processes including microtomized samples of the 
specimens used for mechanical characterization are shown and related to DSC, WAXS, HDT and 
impact resistance results. 
 
1.2 Experimental 
1.2.1 Materials and sample preparation 
Three PLA grades from Ercros S.A. with different molecular weight were studied: ErcrosBio® 
LL600 (Mn=70 kg·mol-1, D=2.37), LL650 (Mn=110 kg·mol-1, D=2.31) and LL700 (Mn=140 
kg·mol-1, D=2.58). L-lactic acid content was similar for all of them (>99.5%). Tensile test 
specimens (ISO-527) were obtained by injection moulding at an injection temperature of 210 ºC 
and a mould temperature of 30 ºC. Specimens were then annealed in an oven at 90, 105, 120 140 
ºC for 1h. 
1.2.2 Characterization techniques 
The average molar masses and the polydispersity of the PLA specimens were measured by SEC 
using a Waters Gel Permeation Chromatography (GPC) apparatus equipped with a Waters 410 
differential ultraviolet detector.  
The analyses were developed at room temperature and 0.8 mL·min-1 in hexafluoroisopropanol 
(HFIP) on a PLHFIPgel column (Polymer Laboratories Ltd). The calibration was performed with 
PMMA standards from 2000 to 500 x 103 g·mol-1. DSC analyses were performed by means of a 
Mettler Toledo DSC 3 Star System model. Samples of approximately 7 mg were encapsulated in 
aluminium pans. The first heating at 10 ºC/min from 30 to 200 ºC was analysed to determine the 
crystallinity and the melting behaviour of the samples. In order to calculate the crystallinity 
degree, the theoretical melting enthalpy value for a 100% crystalline PLA was estimated in 93.6 
J/g16,17. Wide-angle X-ray scattering (WAXS) spectra were recorded on a Bruker AXS D8 
Advance system with Cu Kα radiation of wavelength λ=1.5406 Å (Barcelona Research Center in 
Multiscale Science, UPC). A range of 2θ from 10º to 30º was recorded using a step size of 0.02º 
per second on injection moulded specimens. The crystalline structure of the samples was analysed 
by polarized optical microscopy (POM) by means of a Nikon eclipse 80i optical microscope.  
Samples were prepared by two different methods. Pellets were molten into films between 
coverslips in a Linkam hot-stage in order to analyse the crystallization either after cooling from 
the melt and after heating amorphous samples from the glassy state. On the other hand, samples 
crystallized from the glassy state using previously injection moulded specimens were prepared 
by microtomy in order to retain the crystalline morphology and avoid thermal history erasing.  
Dynamic Mechanical Analysis (DMA) was carried out in a DTMA Q800 instrument (New Castle, 
USA) applying a 0.02% deformation at a 1 Hz frequency by dual cantilever bending method. 
Specimens of 80 x 10 x 4 mm3 in size obtained from injection moulded plates were heated from 
30 to 150 ºC at a rate of 2 ºC·min-1. Heat Distortion Temperature under 1.80 MPa load (HDT-A) 
was measured using a Metrotec HDT-687 bath as defined by ISO 178 standard. Notched Charpy 
impact tests were carried out by means of an ATS faar IMPats-15 impact pendulum according to 
the ISO 179 standard with a 4J hammer and a support span of 80 mm. 
1.3 Results and discussion 
The effect of the annealing process on the molecular weight of PLA was studied by GPC. Figure 
1 shows the chromatograms of each PLA grade before and after an annealing process for 1 hour 
at 140 ºC, the highest temperature and thus the most severe conditions applied in this study. No 
variation was detected after the annealing, indicating that the samples did not suffer noticeable 
degradation. 
 
Figure 1. GPC chromatograms of different molecular weight PLA grades: before (solid) and after (dash) 
annealing at 140 ºC for 1 hour. 
1.3.1 Crystalline structure 
The crystallinity degree of PLA bars (central inner section) annealed at different temperatures is 
presented in Table 1. LL600 and LL650 showed similar crystallinity degree (Xc) after annealing 
at same temperatures, whereas LL700 showed lower values (Table 1). On the other hand, higher 
annealing temperatures led to higher crystallinity degrees for LL600 and LL650, especially at 140 
ºC. This is in agreement with the results obtained by Pluta and Galeski11. However, LL700, which 
has the higher molecular weight among the studied PLAs, did not show any significant variation 
on its crystallinity degree due to different annealing temperatures. Indeed, the higher molecular 
weight PLA (LL700) reached its maximum value of crystallinity at 90 ºC and therefore higher 
temperatures did not have any influence in terms of degree of crystallinity. This phenomenon can 
be justified by the fact that high molecular weight semicrystalline polymers present lower chain 
mobility and therefore their crystallization ability is limited.  
 
 
Table 1. Crystallinity degree of PLA bars annealed at various temperatures. 
Annealing conditions 
Xc (%) 
LL600 LL650 LL700 
As injection moulded 25.5 27.0 20.0 
90 ºC at 1h 50.9 48.4 45.4 
105 ºC at 1h 47.9 43.8 43.7 
120 ºC at 1h 55.5 57.0 43.7 
140 ºC at 1h 63.0 61.6 45.8 
 
As a representative example, a DSC heating thermogram for LL600 crystallized at different 
annealing conditions is shown in Figure 2. All unannealed samples showed the Tg at around 60-
65 ºC followed by a cold crystallization peak, indicating that PLA did not completely crystallize 
during the previous injection moulding. The peak temperature of the cold crystallization was 93, 
97 and 100 ºC for LL600, LL650 and LL700, respectively, which suggested that the lower the 
molecular weight was, the higher the crystallization rate of PLA9, No cold crystallization peak 
was detected for annealed samples indicating complete crystallization of PLA after 1 hour at 90, 
105, 120 or 140 ºC.  
All samples showed the known dual-peak melting transition of PLA, the first peak being related 
to the α’ to α phase transition and the second one to the melting of the α crystals.11 The first peak 
ranged from 158 to 169 ºC for annealing temperatures of 90 and 140 ºC, respectively. The 
subsequent melting peak of α crystals was detected between 176 and 181 ºC for all samples, 
regardless the molecular weight. The existence of the two different crystal modifications α and α’ 
obtained at low and high crystallization temperatures respectively explains the dual-melting peak 
behaviour of PLLA, which has been thoroughly studied9,11,12,18-21. 
 
 
Figure 2. DSC heating thermograms of LL600 annealed for 1 hour at different temperatures. 
The lower temperature melting peak shifted toward a higher temperature and became more 
endothermic with the increase of the annealing temperature, suggesting that at higher annealing 
temperatures the predominant crystal form developed was the α, which is in agreement with 
literature22. Furthermore, this peak turned to be endothermic for LL600 and LL650 crystallized at 
140 ºC. Hence, α’ crystallites formed at higher temperatures are more stable and their melting 
temperature is closer to that of α crystals, thus they cannot recrystallize again. On the contrary, 
higher molecular weight LL700 samples exhibited exothermic α’-to-α peaks regardless the 
annealing temperature, suggesting that less stable and more disordered crystallites might be 
formed due to the higher molecular weight and so lower molecular mobility of this PLA. 
WAXS patterns showed that no diffraction peak was detected for the unannealed samples, 
suggesting that injection moulded specimens were completely amorphous. This result contrasted 
with the DSC results of the unannealed samples since they indicated that the specimens developed 
around 20-27% of crystallinity before the annealing process. Such differences could be due to 
different resons, including a higher sensitiveness to low crystallinities of DSC, the fact that 
WAXS analysis was carried out over a few superficial microns of the specimens (the skin is 
usually more amorphous than the core in injection moulded samples) whereas DSC was done on 
bulk material, and perhaps an additional crystallization induced by polymer chain orientation 
during sample preparation for DSC. Concerning the annealed samples, which are shown in Figure 
3, at higher crystallization temperatures the reflections of (110/200) and (203) planes shifted to 
higher 2θ, which suggested that more α and less α’ crystals were developed in the specimens 
annealed at higher temperatures22,23.  
Interestingly, the molecular weight influenced the magnitude of the shift of the main peaks at 16.5 
and 18.8º (Figure 3 and Table 2). The lower the molecular weight of PLA, the higher the shifting 
to higher 2θ angles. Since higher 2θ values can be related to a higher α/α’ crystal ratio, the results 
suggest that the formation of the more ordered and stable α crystal form is unfavourably affected 
by increasing the molecular weight of PLA, which confirms the previously mentioned results 
obtained by DSC. 
 
Figure 3. WAXS patterns of different molecular weight PLA samples crystallized at 90 and 140ºC for 1 h. 
 
Table 2. 2θ angles related to the reflections of (110/200) and (203) planes. 
PLA Grade Annealing conditions 2θ (planes 110/200) 2θ (plane 203) 
LL600 
1h at 90 ºC 16.44º 18.73º 
1h at 140 ºC 16.58º 18.91º 
LL650 
1h at 90 ºC 16.42º 18.73º 
1h at 140 ºC 16.56º 18.89º 
LL700 
1h at 90 ºC 16.42º 18.71º 
1h at 140 ºC 16.50º 18.84º 
 
1.3.2 Crystalline micromorphology 
The effect of the molecular weight and the annealing temperature on the resulting morphology 
was studied by POM. An increase of the spherulite size and decrease of the number of nuclei with 
increasing the crystallization temperature was detected, which is in accordance with literature24,25.  
As representative images, the morphologies of LL600 films crystallized at 90 and 140 ºC and 
LL700 crystallized at 140 ºC in a hot stage after cooling from the melt are shown in Figure 4. At 
high crystallization temperatures (i.e. 140 ºC) reached from the melt, the nucleation density 
increased and the spherulite size decreased with increasing the molecular weight of PLA. 
 
Figure 4. Crystal morphology of LL600 and LL700 crystallized at different annealing temperature after 
cooling from the melt. 
However, it has to be noted that the samples studied by DSC and WAXS were annealed after 
heating from the glassy state. Hence, the morphology of LL600, LL650 and LL700 films annealed 
in a hot stage at 90, 105, 120 and 140 ºC after being heated from the glassy state at 50 ºC/min are 
shown in Figure 5. These results contrasted with the crystalline morphologies that were obtained 
when crystallizing PLA at isothermal temperatures after cooling from the melt (Figure 4). The 
crystalline structure of LL600 consisted on a large number of tiny spherulites regardless the 
annealing temperature. It showed similar morphology when crystallized at 90 ºC from the melt 
and from the glassy state, but it showed a completely different morphology at 140 ºC. This was 
because the nucleation step of PLA is very fast at temperatures around 90-100 ºC, and regardless 
the sample is cooled or heated up, the nucleation density is defined at this temperature range. As 
the sample crystallized at 140 ºC from the melt does not pass through the 90-100 ºC range, the 
nucleation step is carried out at higher temperatures, at which the obtained nucleation densities 
are lower as reported by Pluta and Galeski11. Nevertheless, they also reported that that this has no 
effect on the lamellar structure of the obtained crystals. 
On the other hand, LL650 and LL700 exhibited slower crystallization kinetics due to their higher 
molecular weight and thus lower chain mobility, as seen by POM monitorization. Similar 
morphologies were detected for these two PLA molecular weights. The obtained morphology 
varied with the applied annealing temperature, in contrast to LL600. Besides, two different 
populations of spherulites were formed at 105, 120 and 140 ºC. First, smaller crystals (similar to 
those seen for LL600) were formed during the heating scan until reaching the annealing 
temperature. Then, bigger spherulites started to grow once the sample reached the annealing 
temperature. The population of bigger spherulites grew in a similar way than for samples 
crystallized from the melt state. Bigger spherulites were detected together with the increase of the 
annealing temperature, whereas the size of the population of smaller spherulites remained roughly 
constant. 
Therefore, the morphological differences induced by annealing from the melt or the glassy state 
were more pronounced in the case of lower molecular weight PLA and at higher crystallization 
temperatures. Since the nucleation density is higher at lower temperatures and all samples heated 
up from the glassy state passed through the 90-100 ºC range, nuclei were mostly formed at those 
temperatures regardless the annealing temperature set in the hot stage.  
Thus, for the samples annealed in the range of 105-140 ºC the nuclei were formed at temperatures 
below the set temperature. This led to similar morphologies for LL600 annealed at all tested 
temperatures. However, the lower molecular mobility of the higher molecular weight PLAs 
(LL650 and LL700) might have led to a double population morphology, those nucleated during 
the heating step and those nucleated once the annealing temperature was reached (105-140 ºC). 
 
Figure 5. Crystal morphology of different samples of PLA crystallized at various annealing temperatures 
for 1 hour after being heated from the glassy state. 
Table 3 shows the evolution of the bigger sized spherulite population shown for LL650 and LL700 
after annealing at different temperatures. Spherulites of LL600 could not be measured due to their 
tiny size (Figure 5). At 90 ºC the size of the spherulites of LL650 and LL700 was identical while 
at higher temperatures the spherulites of LL700 grew bigger than those of LL650. This suggested 
that, due to the lower molecular weight, during the heating step from the glassy state the 
nucleation density of LL650 was higher than that of LL700. Hence, the bigger sized population 





Table 3. Spherulite size of LL650 and LL700 at the impingement. 
Annealing Temperature (ºC) DLL650 (µm) DLL700 (µm) 
90 22 22 
105 36 62 
120 55 96 
140 90 102 
 
Regarding the effect of the heating rate from the glassy state to the set annealing temperature on 
the resulting morphology, POM images of LL600 annealed at 140 ºC heated at 50 ºC/min and 
heated “instantly” (by placing a film sample in a pre-heated hot stage chamber) can be seen in 
Figure 6. Images show that the applied heating rate from the glassy state to the annealing 
temperature has a determining effect on the size and number of the formed spherulites. Increasing 
the heating rate, the size and number of spherulites increased and decreased, respectively. Hence, 
the obtained morphology at high heating rates is close to that obtained by cooling the sample from 







Figure 6. Crystal morphology of LL600 grade crystallized at 140 ºC from the solid state heating from room 
temperature at a) low heating rate (50 ºC/min) and b) high heating rate. 
This indicates that PLA samples cooled down in an identical way from the melt to the glassy state 
could lead to different crystalline morphologies after a subsequent annealing process, depending 
on the applied heating rate. Hence, nuclei are at least partially formed while heating from the 
glassy state to the annealing temperature, and not in the previous cooling step from the melt to 
the glassy state as suggested in previous works24,25. These studies attributed the morphological 
differences of PLA crystallized from the melt or the glassy state to the formation of many pre-
nuclei during the cooling of the samples to the glassy state. Therefore, different semicrystalline 
morphologies can be obtained according to the applied annealing process, heating rate, annealing 
temperature and molecular weight of the PLA.  
The heating rate through the specimen section is unknown (specially in thick thermoplastic 
specimens like those used for tensile testing defined in the ISO 527 standard). Therefore, the non-
isothermal step until reaching the set temperature when annealing in a conventional oven is 
unavoidable24. Together with the results reported above, they suggest that the only accurate 
method to relate any macromechanical property of a PLA sample with its semicrystalline 
micromorphology is to use samples obtained at the same conditions, i.e. same geometry, 
preparation and annealing process, for testing and POM analysis.  
Figure 7 shows a POM image of the complete cross-section of a microtomized injection moulded 
tensile specimen (10x4 mm section) after 20 minutes of annealing at 90 ºC (LL700). The 
distribution of the amorphous and crystalline areas is highly affected by the molecular orientation 
and chain alignment induced by the flow during the previous injection moulding stage. Hence, 
there is not such a skin-to-core gradient on the crystallinity degree during annealing in the oven 
but a more complex spiral/concentric amorphous-to-crystalline phase evolution. Even though 
deeper insight on this issue was not the aim of this work, results suggest that the injection flow 
induced chain alignment and molecular orientation deeply affect the crystallization process of 
PLA, which leads to the complex spiral-shaped amorphous/crystalline morphology shown in 
Figure 7 instead of the typically thought crystallinity gradient from core-to-skin. Hence, 
controlling the induced chain alignment could be a way to tune the desired crystalline structure. 
 
Figure 7. Evolution of the crystalline phase across the section of a tensile sample (4x10 mm) during 
annealing of LL700 at 90 ºC for 20 minutes (POM). 
 
Figure 8 shows the POM images of microtomized LL600, LL650 and LL700 tensile test 
specimens previously annealed at 140 ºC for 1 hour. All samples show densely nucleated and 
highly crystallized morphologies. At those crystallization levels differences are not easily 
detectable in terms of spherulite size and nucleation density. Thus, microtomized LL700 samples 
annealed at 90 and 140 ºC for shorter time (i.e.: 10 or 20 minutes) were analysed (see Figure 9), 
but these samples showed similar micromorphologies to those obtained for 1 hour (Figure 8). 
 
Figure 8. POM images of microtomized samples after being annealed at 140 ºC for 1 hour. a) LL600, b) 
LL650 and c) LL700. 
 
Figure 9. POM images of microtomized LL700 samples previously annealed at a) 90 ºC and b) 140 ºC for 
20 minutes. 
 
On the other hand, almost no differences in the micromorphology of samples annealed at 90 and 
140 ºC were detected. Regardless the molecular weight of the PLA and the annealing temperature, 
the micromorphology of PLA for all microtomized testing specimens seemed to be very similar 
and therefore did not fit with the previous POM results obtained in the hot stage. However, it has 
to be noted that some samples might have developed bigger spherulites than others, but due to the 
high crystallinity obtained, those spherulites are not easily measurable after impingement. 
According to what stated by Tábi et al.22, the results obtained from annealed PLA experiments 
might be used in practice such as using optimal annealing temperature as the optimal mould 
temperature for injection moulding process, hence leading to in-mould-annealed PLA parts with 
the desired crystallinity degree and crystal morphology. However, the obtained results have 
shown that the crystal morphology of PLA can be different depending on whether it is crystallized 
from the melt or the solid state. Thus, results show the need of a careful sample preparation 
technique selection in order to be able to relate the results obtained by different techniques such 
as DSC, WAXS and POM. 
Nevertheless, the obtained results suggested that the real heating rate of the polymer in the oven 
was lower than the 50 ºC/min applied in the hot stage, thus PLA had time to generate crystal 
nuclei at lower temperatures. Consequently, the micromorphology of all samples seemed to be 
similar, showing densely nucleated and highly crystallized micromorphologies, regardless the 
molecular weight and the annealing temperature. 
An additional test was carried out in order to check the morphology of microtomized samples 
annealed after applying a higher heating rate. LL650 specimens were annealed in silicone oil at 
140 ºC for 1 hour. Due to the higher heat conductivity of this oil compared to air, this meant a 
faster heating of the PLA sample. The micromorphology of a microtomized sample annealed in 
such conditions is shown in Figure 10.  
 
 
Figure 10. POM images of microtomized LL650 sample previously annealed at 140 ºC for 1 hour in 
silicone oil. 
Although the sample is again highly crystallized and nucleated, its spherulites seem to be bigger 
than the spherulites of the microtomized samples annealed at 140 ºC for 1 hour in air (Figure 8b). 
This is in agreement with the previous results obtained for PLA films on the hot stage, which 
indicated that an increase of the heating rate of the sample resulted in bigger spherulites (Figure 
6). 
 
1.3.3 Thermo-mechanical properties 
The evolution of the Heat Distortion Temperature (HDT-A) of LL600, LL650 and LL700 
annealed at different temperatures for 1 hour is presented in Figure 11. 
The crystallinity degree (Xc) of the samples is also reported in the plot. Improvement of the HDT-
A from around 48 ºC to 63 ºC was detected when comparing unannealed samples to those 
annealed at 90 ºC regardless the molecular weight. Besides, an increase of the HDT-A was 
observed together with increasing the annealing temperature. These HDT-A values correlated 
with higher Xc values, which is in agreement with literature22. 
On the other hand, close Xc and HDT-A values were detected for different molecular weight 
samples after annealing at the low temperature range (90-110 ºC). However, at high annealing 
temperatures (i.e.: 120 and 140 ºC), LL650 performed the highest heat resistance among the three 
grades.  
Figure 11. Heat Distortion Temperature (HDT-A) and crystallinity degree of LL600, LL650 and 
LL700 annealed at 90, 105, 120 and 140 ºC for 1 hour.  
On the one hand, LL700 had lower HDT-A because it achieved a lower crystallinity degree than 
LL600 and LL650 due to its higher molecular weight. Concerning LL600, although having similar 
crystallinity degree to LL650, it presented lower HDT-A values, close to those of LL700. Besides, 
POM analysis had shown the similar micromorphology in terms of spherulite size of these 
samples. It has been reported that the α/α’ crystal ratio can also affect the thermal resistance, 
higher ratios leading to higher HDT values22. Thus, these results suggested that the lower 
molecular weight and hence the higher molecular mobility of LL600 lead to a higher nucleation 
density than LL650 while heating to the annealing temperature in the oven, thus leading to a lower 
α/α’.  
DSC heating thermograms of LL600, LL650 and LL700 after being annealed for 1 hour at 140 
ºC showed evidence of the different α/α’ ratio obtained for each PLA grade (Figure 12). The 
melting peak detected at lower temperature in each case, related to the α’ to α phase transition, 
showed to be less important in the case of LL650 than for LL600, indicating a lower amount of 
α’ crystals. In other words, LL650, even though showing similar micromorphology, seemed to be 
the only studied sample containing high crystallinity degree (>60%) together with a high α/α’ 
ratio, which made this molecular weight very interesting in order to obtain high heat resistant 
PLA after an annealing process at elevated temperature (120-140 ºC). 
 
  
Figure 12. DSC heating thermograms of LL600, LL650 and LL700 annealed for 1 hour at 140 ºC. 
In order to evaluate the influence of the heating rate on the heat resistance of PLA, HDT-A was 
also carried out on LL650 specimens annealed at 140 ºC for 1 hour in silicone oil. A mean value 
of 84.3 ºC was obtained, 4.4 ºC higher than that obtained for specimens annealed at the same 
conditions in air. The DSC scan of these samples showed a crystallinity degree of Xc≈81%, which 
is 20% higher than that shown by the sample annealed in air. Therefore, annealing in silicone oil 
leads to an improvement of the thermo-mechanical properties of PLA, which is caused by the 
notable increase of the degree of crystallinity, probably together with a higher α/α’ crystal ratio 
and bigger spherulites size as shown in Figure 10.  
For deeper insight of the thermomechanical behaviour of LL650, DMTA analysis was carried out 
on samples annealed at different temperatures from the glassy state. The evolution of the storage 
modulus is shown in Figure 13. 
For the unannealed sample it remained roughly constant at around 1920 MPa until Tg, at which 
the storage modulus decreased critically due to the low crystallinity. The increase of the modulus 
detected above 80 ºC was due to cold crystallization. The decrease in the storage modulus at Tg 
was notably lower for the annealed samples. Higher annealing temperatures lead to smaller 
storage modulus drops, which fits with the previous HDT-A results. Again, this behaviour is 
explained not in terms of micromorphology (which seemed to be similar for all annealing 




Figure 13. Evolution of the storage modulus of LL650 annealed at 90, 105, 120 and 140 ºC for 1 hour. 
 
1.3.4 Impact properties 
The three studied PLA grades showed the same trend concerning impact resistance. Samples 
annealed at 90 ºC showed improved impact resistance compared to the unannealed ones. POM 
images revealed a large number of tiny spherulites in the morphology of these samples, regardless 
the molecular weight, which seemed to be an interesting morphology in terms of resulting impact 
resistance. However, further increase of the crystallization temperature lead to a progressive drop 
of the impact properties, becoming even lower than what measured for the corresponding 
unannealed samples (Figure 14).  
The loss of impact resistance fairly correlated with the further increase of crystallinity degree of 
LL600 and LL650 as the annealing temperature was increased from 100 to 140 ºC. Indeed, LL700, 
which showed the lowest crystallinity degree, performed the highest impact resistance among the 
three PLA grades after being annealed at 140 ºC. In any case, the loss of impact resistance seemed 
to have no direct relationship with the micromorphology of the samples, because no clear 
difference on spherulite size had been observed among the samples regardless the annealing 
temperature (Figure 8 and 9). However, the drop of the impact strength of LL700 with increasing 
the annealing temperature did not correlate with the evolution of the crystallinity degree, since it 
was kept roughly constant for the whole annealing temperature range. On the other hand, PLA 
degradation during the annealing process (particularly at high temperatures, i.e. 120 and 140 ºC) 
could lead to a loss of impact properties. However, as it can be seen from the GPC chromatograms 
in Figure 1, there is no significant degradation due to the thermal annealing. Therefore, other 
factors such as the higher presence of α crystals and the molecular weight itself could have an 
influence on the measured impact resistances. 
 
Figure 14. Notched impact resistance of LL600, LL650 and LL700 annealed at 90, 105, 120 and 140 ºC 
for 1 hour.  
1.4 Conclusions 
Using different types of specimens for different characterization techniques, which might involve 
different heating rates of the polymeric mass in the oven, or reaching to the desired annealing 
temperature from the melt or from the glassy state, among others, have been shown to have critical 
effect on the resulting semicrystalline micromorphology of annealed PLA. At 90 ºC the size of 
the spherulites of medium (LL650) and high molecular weight PLA (LL700) was identical while 
at higher temperatures the spherulites of LL700 grew bigger than those of LL650. This suggested 
that, due to the lower molecular weight, during the heating step from the glassy state the 
nucleation density of LL650 was higher than that of LL700. Hence, the bigger sized population 
of spherulites could grow less for lower molecular weight PLA. 
The crystal morphology of PLA can be different depending on whether it is crystallized from the 
melt or the solid state. Therefore, in order to properly relate the morphology with the 
macromechanical and thermal properties, the use of microtomized samples obtained at the same 
conditions used for the rest of the characterization is suggested.  
On the other hand, the crystalline morphology of PLA can be tuned by controlling the applied 
annealing process, heating rate, annealing temperature and molecular weight. Indeed, high heat 
resistant neat PLA (HDT-A ≈ 80 ºC) can be obtained if a medium molecular weight grade (Mn ≈ 
110 kg·mol-1) is annealed at around 140 ºC after heating from the glassy state. This enhanced 
thermal resistance over other molecular weight PLA grades or applied annealing temperatures 
seems to have no relationship with the obtained micromorphology (nucleation density and 
spherulite size) but with the combined effect of high crystallinity degree and high α/α’ crystal 
ratio. However, impact resistance decrease with the annealing temperature mainly because of a 
high α/α’ crystal ratio and crystallinity, whereas morphology or thermal degradation have little or 
no effect on the increase of the fragility of the material. 
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Table 1. Crystallinity degree of PLA bars annealed at various temperatures. 
Annealing conditions 
Xc (%) 
LL600 LL650 LL700 
As injection moulded 25.5 27.0 20.0 
90 ºC at 1h 50.9 48.4 45.4 
105 ºC at 1h 47.9 43.8 43.7 
120 ºC at 1h 55.5 57.0 43.7 


















Table 2. 2θ angles related to the reflections of (110/200) and (203) planes. 
PLA Grade Annealing conditions 2θ (planes 110/200) 2θ (plane 203) 
LL600 
1h at 90 ºC 16.44º 18.73º 
1h at 140 ºC 16.58º 18.91º 
LL650 
1h at 90 ºC 16.42º 18.73º 
1h at 140 ºC 16.56º 18.89º 
LL700 
1h at 90 ºC 16.42º 18.71º 




















Table 3. Spherulite size of LL650 and LL700 at the impingement. 
Annealing Temperature (ºC) DLL650 (µm) DLL700 (µm) 
90 22 22 
105 36 62 
120 55 96 




















Figure 1. GPC chromatograms of different molecular weight PLA grades: before (solid) and after (dash) 
annealing at 140 ºC for 1 hour. 
Figure 2. DSC heating thermograms of LL600 annealed for 1 hour at different temperatures. 
Figure 3. WAXS patterns of different molecular weight PLA samples crystallized at 90 and 140 ºC for 1 
h. 
Figure 4. Crystal morphology of LL600 and LL700 crystallized at different annealing temperature after 
cooling from the melt. 
Figure 5. Crystal morphology of different samples of PLA crystallized at various annealing temperatures 
for 1 hour after being heated from the glassy state. 
Figure 6. Crystal morphology of LL600 grade crystallized at 140 ºC from the solid state heating from room 
temperature at a) low heating rate (50 ºC/min) and b) high heating rate. 
Figure 7. Evolution of the crystalline phase across the section of a tensile sample (4x10 mm) during 
annealing of LL700 at 90 ºC for 20 minutes (POM). 
Figure 8. POM images of microtomized samples after being annealed at 140 ºC for 1 hour. a) LL600, b) 
LL650 and c) LL700. 
Figure 9. POM images of microtomized LL700 samples previously annealed at a) 90 ºC and b) 140 ºC for 
20 minutes. 
Figure 10. POM images of microtomized LL650 sample previously annealed at 140 ºC for 1 hour in 
silicone oil. 
Figure 11. Heat Distortion Temperature (HDT-A) and crystallinity degree of LL600, LL650 and LL700 
annealed at 90, 105, 120 and 140 ºC for 1 hour. LL600: circles; LL650: squares; LL700: triangles. 
Figure 12. DSC heating thermograms of LL600, LL650 and LL700 annealed for 1 hour at 140 ºC. 
Figure 13. Evolution of the storage modulus of LL650 annealed at 90, 105, 120 and 140 ºC for 1 hour. 
Figure 14. Notched impact resistance of LL600, LL650 and LL700 annealed at 90, 105, 120 and 140 ºC 
for 1 hour. LL600: circles; LL650: squares; LL700: triangles. 
 
